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Abstract 
Understanding solute transport is essential to assess carbon capture storage safety or miscible gas injection efficiency during 
enhanced oil recovery. Transport has been shown to be non-Fickian, or anomalous, at different scales of observation. However 
the classical description based on the advection-diffusion equation (ADE) is still used to quantify the transport in porous 
media. The last few years have seen emerging a number of approaches to model the anomalous behaviour of solute transport. 
The most elegant approaches are based on random walks. These methods allow simulating non-Fickian transport at the pore-
scale. Concentration distributions as a function of displacement of the tracer, also called propagators, are derived from these 
simulations. The dispersion of the solute results from those propagators. Breakthrough curves (BTC), on the other hand, give 
the transit time the tracer needs to travel across a given distance. Both propagators and BTC are drastically different in an 
anomalous transport than in a Fickian transport at the pore-scale. It is now fundamental to understand the impact of this 
behaviour at a larger scale. 
This study seeks out to overcome this challenge by modelling anomalous transport at meter scale by using propagators 
derived by pore-scale simulations. Solute transport at meter scale is simulated in a cubic orthogonal network of volume-less 
nodes and one-dimensional links. The pore-scale propagators are obtained by direct simulation at the pore-scale, without 
assuming a priori the governing microscopic transport equations. Flow and transport are computed through the pore-scale 
voxels obtained by three-dimensional imaging (X-rays). Resulting pore-scale propagators contain all the advective and 
diffusive components of the displacement of a solute particle. Each small-scale propagator depends on Péclet number, thus on 
the velocity. Hence modelling the macroscopic displacement, using the correct pore-scale propagator in each link of the 
network, permits to capture the grid-block-scale behaviour of the transport. 
At the meter-scale, solute transport appears to be controlled by macroscopic heterogeneities. Microscopic heterogeneities 
also have an effect on the concentration distribution as they retard the occurrence of an asymptotic regime at the grid-block-
scale for an increasing complexity of the structure. The microscopic heterogeneity increases the transit time of tracer particles 
in the network, giving a later breakthrough of the solute than in the homogeneous case. The results are depending on the 
available data at the pore-scale so that more small-scale simulations are needed to quantify the transport. Nevertheless, this 
method offers advantages by its simplicity and is very promising by its efficiency to model a complex behaviour in highly 
complex structures. 
 
Introduction 
Solute transport plays an important role in a number of scientific applications such as hydrology, enhanced oil recovery or 
carbon storage (Sahimi, 1995). Until recently, transport has been modelled and quantified using the so-called advection-
dispersion equation (ADE). However, this model assumes that dispersion of the tracer follows Fick’s law (Adams and Gelhar, 
1992). This makes the ADE valid only in the case of a perfectly homogeneous structure and gives a concentration normally 
distributed with a mean proportional to t and a standard deviation proportional to √ . But real porous rocks are never perfectly 
homogeneous and there are heterogeneities at each scale. The question of the suitability of the ADE framework thus, naturally 
arises.  
From the 1950s, experimental measurements displayed systematic errors from the analytical solution of the ADE 
predictions. Scheidegger (1959) wrote: “The deviations are systematic which appears to point toward an additional, hitherto 
unknown, effect.” Such inadequacies between the measurements and the theory obliged the scientists to reconsider their 
understanding of solute transport in porous formations. Montroll and Scher (1973) first introduced the concept of anomalous 
transport in semiconductors. Also called non-Fickian transport, anomalous transport refers to transport behaviours that differ 
from the one given by the ADE description. Heterogeneous media, by their structure, contain preferential paths that influence 
fluid flow and transport. Hence, the velocity is not uniformly distributed in the medium and there are stagnant zones where 
solute can be stuck. This gives rise to concentration distributions showing a peak of concentration at low displacement and a 
tail of fast moving particles. Moreover, another characteristic shape derived from an anomalous transport is the long tailing 
breakthrough curve (BTC). This displays “anomalous early times (i.e., later than Fickian) and late time tails” (Levy and 
Berkowitz, 2003). The transport is sensitive to heterogeneity at each scale so that, even geologies that can be thought as 
homogeneous, exhibit non-Fickian behaviour (Levy and Berkowitz, 2003). This will last until reaching an asymptotical regime 
where the transport becomes Fickian. In theory, for a time long enough, depending on the level of heterogeneity of the 
structure, the transport tends to become Fickian where ADE can be applied and dispersion of the solute is finite (Berkowitz et 
al., 2000). However, this may never occur in highly heterogeneous structures. 
 
Imperial College 
London 
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Once the anomalous concept was introduced, researchers tried to tackle the challenge of modelling this behaviour. To date, 
there are a number of approaches to model it. Namely, multi-rate mass transfer (MRMT) (Haggerty an Gorelick, 1995), 
averaged version of ADE (Bear, 1972) or continuous time random walk (CTRW) (Berkowitz and Scher, 1995) attempted to 
describe non-Fickian transport more or less successfully. Berkowitz et al. (2006) has done a thorough review development of 
the CTRW framework and its approach to solute transport in geological media. The same paper also compares the previously 
mentioned methods to model anomalous transport. CTRW has proved to give a satisfactory approach to quantify anomalous 
transport. Berkowitz et al. (2006), describes CTRW as “a probabilistic approach for calculating the plume motion and/or BTC 
across the heterogeneity scale, based on a probability density function (pdf) of transition times generated by the range of 
heterogeneities. The nature of the transport, non-Fickian or Fickian, is determined by the functional shape of the pdf.” 
With a better understanding of the non-Fickian transport, characterisation of concentration distribution shapes became 
essential to apprehend anomalous transport in a wide variety of porous structures and to implement this to industrial 
applications. Scheven et al. (2005) first established distribution shapes for bead pack, sandstone and carbonate rocks through 
nuclear magnetic resonance (NMR) measurements. This provides an experimental support to validate pore-scale simulations of 
solute transport in heterogeneous media. Bijeljic et al. (2011) then obtained generic pore-scale propagators (concentration as a 
function of travelled distance) by direct simulation at pore-scale, without assuming apriori the governing transport equations. 
With all the implications of assessing non-Fickian transport effect at field-scale, for industry like carbon dioxide 
sequestration or improved oil recovery, the next challenge to be tackled is the upscaling of anomalous transport in complex 
heterogeneous structures. Indeed, carbonate rocks represent more than half of the reserves on the planet (Ahlbrandt et al., 2005) 
and it is essential to understand the impact of anomalous transport at the field-scale. Rhodes et al. (2008) published a 
hierarchical multi-scale approach using CTRW framework and demonstrated that “the macroscopic behaviour is affected by 
the small-scale transport even when a very heterogeneous field-scale reservoir description is used.” In spite of this previous 
study, the use of pore-scale propagators for upscaling has not been attempted and this is what the following paper proposes. A 
model has been built to analyse the non-Fickian transport at the grid-block-scale. 
The methodology used for upscaling the solute transport is described first. In a further section, the model is applied to the 
“perfectly homogeneous” case to verify its consistency in the simplest case. A comparison of the different types of simulations 
depending on the pore-scale available data is then displayed. The injection methods and the elapsed time pore-scale 
propagators are compared in this section to define which one is the most suitable for simulating more complex structures. 
Finally, the impact of both microscopic and macroscopic heterogeneities is assessed by comparing different rock types (Mt 
Gambier limestone and Estaillades carbonate) of different microscopic heterogeneities at the two scales. The paper ends with a 
discussion on the results and a summary of the results found from the study, before giving advices for later work on this 
subject. The terms “non-Fickian” and “anomalous” are interchangeably used in this report, as well as “propagators” and “solute 
concentration distribution”. Propagator plots are displayed as a normalized probability density function P(ζ) against 
dimensionless displacement as in the CTRW framework. 
 
Upscaling methodology 
This aim of this study is to understand the behaviour of solute transport in heterogeneous media at a meter-scale, and to assess 
the impact of microscopic heterogeneities on solute displacement at the larger scale of the grid-block. This is done through the 
upscaling of pore-scale propagators, and by analysing the transit time of the particles through the medium with BTC. The 
project is adjacent to another study simulating pore-scale propagators using random walks, which results are about to be 
published (Bijeljic et al., 2012). These microscopic propagators are derived by direct simulation of transport through voxels of 
pore-space obtained by three-dimensional micro-CT imaging (Bijeljic et al., 2011). Figure 1 briefly summarises the steps of 
these simulations. 
 
          
Figure 1. The pore-scale simulation approach. The simulations are done in three steps: 1) three-dimensional micro-CT 
imaging of the pore-space 2) simulation of transport by a streamline-based method in the pore-space voxels 3) derivation of 
distributions of the solute concentration. (Modified after Blunt et al., 2012 and Rhodes et al., 2008) 
 
 
0
0.5
1
1.5
2
-0.5 0 0.5 1 1.5 2 2.5 3 3.5
P
(
) 
x
 <

>
0
 
 /<>0 
Upscaling of non-Fickian transport using pore-scale propagators  3 
These pore-scale propagators are the starting point of the following upscaling study and provide the information to simulate 
solute transport at the grid-block-scale.  
The porous medium is modelled as a three-dimensional cubic orthogonal network of volume-less nodes connected by one-
dimension links (Rhodes et al., 2008). The fluid flow is then determined in the network by calculating the distribution of 
pressure at each node of the network. This is done by applying volume balance at each pore. In each link connecting two nodes 
i and j, the permeability kij can be expressed as: 
 
   
 
 
  
 
 
  
, ..................................................................................... (1) 
where ki and kj are the permeabilities at the nodes i and j. Hence, if the flow rate is given by the product of hydraulic 
conductivity of the throat Kij, and the pressure drop across it ∆Pij, the conservation of the mass can be written: 
∑         . .................................................................................... (2) 
Applied at each pore, this provides a set of linear algebraic equations. The pressure field can then be found for a macroscopic 
pressure drop between the inlet and the outlet of the grid-block (Bijeljic et al., 2004). Directly related to the fluid velocity is the 
Péclet number: 
   
  
  
, ........................................................................................ (3) 
where v is the fluid velocity [m/s], L is the characteristic length of the structure[m] and Dm is the coefficient of molecular 
diffusion of the particles in the fluid [m
2
/s]. This dimensionless number gives the ratio of solute transport by advection to the 
transport by diffusion, and for a given molecular diffusion coefficient, Pe depends on velocity. Together with the impact of 
structural heterogeneity, the value of Pe determines particles displacement. 
Once the fluid flow known in the network, particles are injected in the grid-block by two different methods. The first 
method is a cross-sectional area injection: all the particles are distributed uniformly across the inlet face of the grid-block. 
Physically, this corresponds to following the displacement of dye tracers in a porous structure as it has been done by Levy and 
Berkovitz (2003). The second method is a volume injection where the particles are uniformly distributed all over the grid block 
volume. This can be thought as pulsed field gradient magnetic resonance measurements as studied by Scheven et al., (2005). 
The two methods are compared in a following section of this paper.  
Similarly to Rhodes et al. (2008) upscaling method, in the method used here pore-scale description of solute transport 
provides the information to be used for the upscaling process. Both approaches use networks to represent transport at the larger 
scale, where transport in the unit link in the network is determined at a smaller scale. Rhodes et al. (2008) determined the 
transit time distributions, at the next larger scale, by studying particle hops from one node to another, defined by the smaller-
scale transport. However, in this work the displacement of each particle is simply coming from the microscopic scale (pore-
scale propagators) obtained from pore-scale simulations of transport on micro-CT images. Indeed, Bijeljic et al. (2011) 
modelled anomalous transport at the pore-scale for different rock types, for various Péclet values and at different times. New 
unpublished simulations (Bijeljic et al., 2012) are available for this study and Table 1 summarizes the microscopic data that 
could be used for this upscaling study. It is then easy, once Pe values are known in the network, to transport particles across the 
network. Interpolation is then used by using a number of predetermined pore-scale propagators with a known Pe, so that 
particles displacement is uniquely defined in each network link. Note that depending on the pore-scale propagators, this 
displacement can be negative (diffusive motion opposite of the main flow direction), or particles can travel through more than 
one link in one time step. At the network intersections particles can go back into the link where they come from if the 
displacement from the pore-scale propagator is negative; otherwise, which is the case for the majority of particles, they are 
transported into a new link, determined with a velocity-weighted probability. 
 
Table 1. Pore-scale data summary from Bijeljic et al., 2012 
Rock type Injection method Péclet number values Time 
Perfectly Homogeneous 
Cross-sectional injection 10, 50, 200, 700 1s, 10s 
Volume injection 10, 50, 200, 700 1s, 10s 
Mount Gambier limestone 
Cross-sectional injection 10, 50, 200, 700 1s, 10s 
Volume injection 10, 50, 200, 700 1s, 10s 
Estaillades carbonate Cross-sectional injection 10, 50, 200, 700 10s 
 
The pore-scale propagators are simulated with an average displacement of < ζ >0=1cm, therefore, the network is composed 
by 1cm links. 100,000 particles are injected in this 1m
3
 grid-block. Also, once a particle arrives at the network boundaries in 
the flow direction, i.e., at the outlet or at the inlet, it is randomly reinjected at the opposite face (Bijeljic et al., 2004). BTC and 
upscaled macroscopic propagators can then be derived that allow analysing macroscopic behaviour for different scenarios. 
Figure 2 summarises the upscaling process of this study. 
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μm cm m 
Figure 2. The upscaling process. Pore-scale propagators provide particle displacement ζ. Particles are then moved in the 1m
3
 
cubic network of volume-less nodes and 1D links. Upscaled results, namely propagators and BTC, are derived from the 
simulations. 
 
Validation of the model in the homogeneous case 
The model is first used in the simplest case of a “perfectly homogeneous” medium both at microscopic and macroscopic scale.  
In this ideal case, the transport follows Fick’s law and is described by the equation: 
  
  
 (   )      , ............................................................................. (4) 
where  (   ) is the concentration of particles at a distance ζ from the initial position and after a time t, v is the fluid velocity 
and Dm is the coefficient of molecular diffusion. The solution of this equation is a normally distributed solute plume: 
 (   )  
  
√     
   ( 
(    ) 
    
). .................................................................... (5) 
In the simulations, at each time step       , particles move by a displacement given by the microscopic propagator. For this 
“perfectly homogeneous” case, the pore-scale propagator is thus normally distributed, centred around 1 and with a standard 
deviation   to be determined. The particles displacement is then deduced by multiplying by the average displacement 〈 〉  
   , equivalent of having a pore-scale propagator normally distributed as:  
 (    )  
  
    √  
   ( 
 
 
(
     
    
)
 
). ................................................................ (6) 
The standard deviation   of the microscopic propagator is deduced by comparing equation (5) and (6): 
   
     
(   ) 
. ...................................................................................... (7) 
Finally, after a number of n time steps, the particles follow a Gaussian distribution of mean     , and of standard deviation 
equal to     √ . Figure 3 shows that the simulated plume of concentration of the solute matches the analytical solution. 
 
 
Figure 3. Tracer plume for a perfectly homogeneous medium. Simulation results and analytical solution of equation (4) are 
compared at three different times: 1s, 3s, and 5s. 
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The normalized concentration distribution plotted in Figure 4, is compared to the analytical solution given by a normal 
distribution of mean 1 and of standard deviation of 
 
√ 
, and exhibits the same conclusion as the conclusion from Figure 3. The 
BTC (Figure 5) fits as well with the expected Gaussian distribution of mean the average of the breakthrough time and of 
standard deviation  √ . 
This basic case was essential to validate our model on a homogeneous medium, giving confidence in applying it to more 
complex heterogeneous media. 
 
  
Figure 4. Upscaled propagators for a perfectly homogeneous 
medium. Simulation and analytical solution comparison after four 
different times: 1s, 5s, 10s and 15s. 
Figure 5. Upscaled BTC for a perfectly homogeneous 
medium. Simulation and analytical solution comparison. 
 
Impact of injection method 
As previously mentioned, two different methods for injecting particles in the network are used in this study: cross-sectional 
area injection and volume injection. The first step of this study is to compare these two methods, in order to define which one 
is preferably used. The reinjection of particles reaching a boundary of the grid-block is randomly done for both of these two 
methods. In the cross-sectional area injection case, reaching the boundary of the network determines the breakthrough time of 
the particle, whereas for volume injection, it is defined by reaching again the initial position of the particle after being 
reinjected at the opposite face of the grid-block. 
The case of Mt Gambier carbonate rocks is studied here and upscaled propagators and BTC are compared in Figure 6 and 7. 
 
  
Figure 6. Upscaled propagators for cross-sectional area injection 
and volume injection for Mt Gambier limestone. Comparison at 
two different times are plotted: 10,000s and 60,000s. 
Figure 7. Upscaled BTC for cross-sectional area injection and 
volume injection measured at 1m. 
 
Upscaled propagators in Figure 6 exhibit some differences. The trend of the concentration distribution is similar for the two 
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the case for volume injection as the curves are relatively smooth. Those peaks are in fact due to accumulation of particles at the 
inlet face of the network, where particles are reinjected. These artefacts affect the amplitude of the upscaled propagators as 
compared to the one derived from volume injection, but not the global shape. Note that this effect is also present in the pore-
scale propagators. 
Figure 7 shows that breakthrough curves are almost identical. It can be concluded that transit time distribution of the 
particles through the network is not affected by the injection method used. 
For the rest of the study, volume injection is then preferred to cross-sectional area injection as long as available data allows 
this. 
 
Impact of pore-scale propagator time 
Direct simulations at the lower scale provide pore-scale propagators after different times. Two in particular were used in this 
study: microscopic propagators after ∆t = 1s and ∆t = 10s. Although they must give the same results, it is important to verify 
this for the model consistency. The case of Mt Gambier limestone is used here, with a volume injection of particles in the 
network. The displacement of a particle is given by 
 
〈 〉 
    , so that for a consistent comparison between the cases ∆t = 1s 
and ∆t = 10s, the average velocity in the network v for ∆t = 1s is ten times bigger than for ∆t = 10s. Results of the simulations 
are shown in Figures 8 and 9.  
 
  
Figure 8. Upscaled propagators for different pore-scale 
simulation times: ∆t = 1s and 10s for Mt Gambier limestone. 
Comparison after three different number of iterations: 1,000, 
10,000 and 60,000. 
Figure 9. Upscaled BTC for different pore-scale simulation 
times: ∆t = 1s and 10s measured at 1m. 
 
Both upscaled propagators and BTC are, as expected, very similar. This again confirms robustness of the model than can be 
applied to complex heterogeneous structures.  
In this study, the maximum displacement of a particle was set to 10cm, equivalent to flowing through ten links of the 
network. This happens rarely as the average displacement is around 0.06cm. This limitation imply an average value of Pe 
around 2 in the case of ∆t =10s, and around 20 for ∆t = 1s, the velocity being multiplied by ten. Thus, with regard to the 
limited values of Pe available for the pore-scale propagators (10, 50, 200, 700), it is better, as much as possible, to use 
microscopic propagators at ∆t = 1s. 
 
Impact of the heterogeneity of the structure 
Two levels of heterogeneities can be identified in our study: microscopic (micron to cm scale) and macroscopic (cm to m scale) 
heterogeneity. It is of interest to try evaluating the impact of each of these heterogeneity scales on the macroscopic behaviour 
of the transport.  
 
Macroscopic heterogeneity. To assess the impact of macroscopic heterogeneity, at first, pore-scale propagators are normally 
distributed simulating a homogeneous medium at the microscopic scale. The macroscopic heterogeneity is modelled by 
randomly and uniformly distributing the grid-block permeabilities between 0.1mD and 10D. Particles are injected using 
volume injection. 
The Gaussian propagators are generated with analytical solutions of Fick’s law. Four Pe values are used, corresponding to 
four different velocities, as the molecular diffusion coefficient and characteristic length are fixed. The standard deviation of the 
normalized Gaussian distributions is found by using equation (7), with ∆t= 1s. Table 2 summarises the values used in this 
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simulation. Figure 10 and 11 show the results of this simulation. 
 
Table 2. Simulation parameters for microscopic homogeneity and macroscopic heterogeneity. 
Fixed values Pe Velocity [m/s] Standard deviation 
Dm = 2.2x10
-9
m
2
/s 10 3.05x10
-4
 2.18x10
-1
 
L = 72.25x10
-6
m 50 1.52x10
-3
 4.36x10
-2
 
∆t = 1s 200 6.09x10
-3
 1.09x10
-2
 
 700 2.13x10
-2
 3.11x10
-3
 
 
  
Figure 10. Upscaled propagators for microscopic homogeneity 
and macroscopic heterogeneity at three different times: 
10,000s, 200,000s and 600,000s. 
Figure 11. Upscaled BTC for microscopic homogeneity and 
macroscopic heterogeneity measured at 1m. 
 
The distribution of concentration as a function of the normalized displacement is plotted (Figure 10) at different times and 
it clearly exhibits a non-Fickian behaviour of the transport. At early times, there is a big concentration of tracer around no 
displacement or low displacement, creating a peak of stagnant particles, followed by a long tail of fast moving particles. When 
time increases, the size of this peak of concentration gets lower and concentration distribution tends to become normal and 
centred on 1, meaning that most of the particles move by the average displacement, thus at the average fluid velocity of the 
network. Hence, the solute transport is first anomalous before tending to reach an asymptotic Fickian regime. The BTC in 
Figure 11 confirms the anomalous transport with the characteristic long tailing shape. 
The meter-scale simulation highlights an experimentally well-observed behaviour at smaller scale (Scheven et al., 2005) 
even when assuming a perfectly homogeneous microscopic structure. This proves that, in this case of homogeneous 
microscopic behaviour, macroscopic heterogeneities control the solute transport. 
 
Microscopic heterogeneity. Knowing that transport is governed by the grid-block structure, the next step is to evaluate the 
influence of the microscopic heterogeneity at the grid-block scale. To do so, three microscopic structures are compared: 
perfectly homogeneous porous medium, Mt Gambier limestone and Estaillades carbonate. 
 
Homogeneous porous medium vs Mt Gambier limestone. The previous results for transport at meter-scale where pore-
scale Gaussian propagators are used, are compared to the case where Mt Gambier pore-scale propagators are used, for the same 
volume injection method and at the same pore-scale propagators time ∆t = 1s. Figure 12 and 13 show simultaneously the 
results of the two cases, for upscaled propagators and BTC. 
From the grid-block-scale propagator plot, it appears that the concentration distribution of the tracer is very different at late 
times, when the microscopic homogeneous derived propagators tend to a normal distribution before Mt Gambier simulation. 
The breakthrough curves (Figure 13) highlight identical shapes but an earlier breakthrough of the solute in the homogeneous 
case. 
From this comparison, it is clear that the microscopic structure of the medium affects the meter-scale transport, both at 
early time with a smaller transit time with a microscopic homogeneous geology, and at late time, the same structure reaching 
an asymptotic regime faster than for a pore-scale heterogeneous structure. 
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Figure 12. Upscaled propagators for different pore-scale 
propagators: “perfectly homogeneous” (PH) and Mt Gambier 
limestone (MG), at three different times: 1,000s, 20,000s and 
60,000s. 
Figure 13. Upscaled BTC for different pore-scale propagators: 
“perfectly homogeneous” and Mt Gambier limestone, 
measured at 1m. 
 
Despite those differences shown by the previous study, the two behaviours are similar and this comes from the fact that Mt 
Gambier is not highly heterogeneous. To have a better idea of the impact of a highly heterogeneous medium, a last study 
compares Mt Gambier and Estaillades carbonate, known to have a very complex structure with poor connectivity (Blunt et al., 
2012). 
 
Mt Gambier limestone vs Estaillades carbonate. For Estaillades carbonate, microscopic data are only available for cross-
sectional area injection and at ∆t = 10s (Table 1). This case is then compared with equivalent results for Mt Gambier. Table 3 
describes the parameters used in these simulations and Figures 14 and 15 show the simulation results. 
 
Table 3. Rock properties for pore-scale heterogeneity comparison simulations. 
Rock type 
Permeability 
[m
2
] 
Porosity 
Characteristic 
length [m] 
Average 
velocity [m/s] 
∆t 
[s] 
Average 
displacement [m] 
Mount Gambier 
9.87x10
-13
x 
[10
-4
 - 10] 
0.556 72.25x10
-6
 7.06x10
-5
 10 7.06x10
-4
 
Estaillades 
9.87x10
-13
x 
[10
-5
 - 1] 
0.133 158.2x10
-6
 3.87x10
-5
 10 3.87x10
-4
 
 
As previously explained, in the case of cross-sectional area injection, propagator shapes have regularly spaced peaks 
(Figure 6). This does not change the global shape of the concentration distributions. Hence, for a better clarity of the results, 
those peaks have been removed from the upscaled propagators in Figure 14. 
In this case, even at early time, the solute transport in Estaillades carbonate behaves differently from transport in Mt 
Gambier limestone. Indeed, as Estaillades rocks are more heterogeneous, the transport is expected to be anomalous for a longer 
time period, tending to reach asymptotic behaviour only after very long time. This is what can be seen on Figure 14 as for the 
same number of iterations (or elapsed time), concentration distribution in Mt Gambier are closer to a Gaussian distribution than 
in Estaillades. Furthermore, the BTCs plotted in Figure 15 reveal a much lower transit time of the tracer in Mt Gambier 
limestone than in Estaillades carbonate. 
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Figure 14. Upscaled propagators for different pore-scale 
propagators: Mt Gambier limestone (MG) and Estaillades 
carbonate (ES), at three different times: 50,000s, 300,000s and 
600,000s. 
Figure 15. Upscaled BTC for different pore-scale propagators: 
Mt Gambier limestone and Estaillades carbonate, measured at 
1m. 
 
Discussion and conclusions 
On the way to model non-Fickian transport at the field-scale, this study proposes a new approach for upscaling solute transport 
in a complex heterogeneous medium, from centimetre- to meter-scale. Experiments at different scales and in various rock types 
exhibit non-Fickian behaviour of the transport, especially in carbonates. With the advent of new methods, such as CTRW and 
streamline-based method on the voxels of micro-CT images, to model this phenomenon at microscopic scale, the challenge has 
moved to understanding the effect of transport at a greater scale. From pore-scale simulations, concentration distribution of 
tracer can be deduced as function of displacement. These propagators contain the advective and diffusive components of the 
tracer displacement so that, by taking into account this information, the upscaled displacement of the tracer particles can be 
deduced. From this simulation process, upscaled propagators and BTC are derived and allow analysing the solute transport at 
the grid-block scale. 
The model was first applied to a perfectly homogeneous medium, in order to verify the consistency of the upscaling 
process. It was then applied to heterogeneous structure, both at microscopic and macroscopic scale. The microscopic 
heterogeneity is included in the pore-scale propagator shape, whereas the macroscopic heterogeneity is modelled by varying 
the properties (namely permeability, porosity and characteristic length) of the meter-scale network. The conclusions of this 
study are as follows: 
 The model: 
- The model is robust by its simplicity and depends only on the pore-scale information. 
- It can handle cross-sectional area injection and volume injection of the particles. 
 The simulation results: 
- Volume injection is more suitable for the upscaling process. 
- Pore-scale propagators after 1s or 10s give identical upscaled transport results. 
- Macroscopic heterogeneities control the transport at the grid-block scale. 
- Microscopic heterogeneities retard the occurrence of an asymptotic regime at meter-scale. 
- Microscopic heterogeneities tend to increase the transit time of the particles at the macroscopic scale. 
This first step towards the objective to obtain field-scale simulations is promising and provides basis for a future study. A 
better understanding of the influence of anomalous transport at the field-scale can have a huge impact in carbon dioxide storage 
or improved oil recovery with miscible gas injection, and on the strategy to adopt in those fields. The current models in 
industry are in fact made assuming Fickian transport almost surely leading to incorrect estimations and simulations and 
pointing out that efforts should be made on this research subject. 
 
Further work 
This study depends on the data available at the pore-scale. Thus, a more comprehensive study needs more microscopic data. 
For the two rock types used in this study, only four Péclet number values were available at the time of the simulations. For 
simulations with ∆t = 10s, the average Pe is low (~2) so that pore-scale propagators at lower Pe should be considered for more 
accurate results. Furthermore, no volume injection microscopic data were available for Estaillades. As volume injection was 
shown to be the most suitable case, pore-scale propagators with this injection method should also be used.  
In this study, the same propagators were used in the flow direction or in the planes perpendicular to the flow. The transport 
may not have the same behaviour depending on its direction in the network. This should also be taken into consideration for 
future studies. 
Finally, for a real validation of the model, results need to be compared with experimental results, as it was done for the 
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pore-scale simulations with NMR measurements (Bijeljic et al., 2011). This will allow validating this new and promising 
upscaling method, and to consider upscaling to the field-scale. 
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Nomenclature 
 
C(t) Concentration of the solute, function of breakthrough time 
Cmax Maximum concentration of BTC 
Dm Molecular diffusion coefficient  
ki Permeability at the node i of the network 
kij Permeability in a link ij connecting two nodes i and j 
Kij Hydraulic conductivity of the link ij 
L Characteristic length of the rock 
Pe Péclet number 
Pij Pressure drop through the link ij 
P(ζ) Probability density function of transition times 
t Elapsed time 
v Fluid velocity 
∆t Time step 
σ Standard deviation 
ζ Particle displacement 
<ζ>0 Average particles displacement 
 
 
References 
 
Adams, E.E. and Gelhar, L. W.: “Field Study of Dispersion in a Heterogeneous Aquifer”, Water Resources Research (1992), 28, 3293. 
Ahlbrandt, T. S., Charpentier, R. R., Klett, T. R., Schmoker, J. W., Schenk, C. J. and Ulmishek, G. F.: Memoir 86: Global resource Estimates 
from Total Petroleum System, AAPG, Tulsa, OK (2005). 
Bear, J.: Dynamics of Fluids in Porous Media, American Elsevier Publishing Company, New York (1972). 
Berkowitz, B. and Scher, H.: “On Characterization of Anomalous Dispersion in Porous and Fractured Media”, Water Resources Research 
(1995), 31, 1461. 
Berkowitz, B., Scher, H. and Silliman, S. E.: “Anomalous Transport in Laboratory-scale, Heterogeneous Media”, Water Resources Research 
(2000), 36, 149. 
Berkowitz, B., Cortis, A., Dentz, M. and Scher, H.: “Modelling non-Fickian Transport in Geological Formations as a Continuous Time 
Random Walk”, Reviews of Geophysics (2006), 44, RG2003. 
Bijeljic, B., Muggeridge, A. H. and Blunt, M. J.: “Pore-scale Modelling of Longitudinal Dispersion”, Water Resources Research (2004), 40, 
W11501. 
Bijeljic, B., Mostaghimi, P. and Blunt, M. J.: “Signature of non-Fickian Solute Transport in Complex Heterogeneous Porous Media”, 
Physical Review Letters (2011), 107, 204502. 
Bijeljic, B., Mostaghimi, P. and Blunt, M. J., Water Resources Research (2012). in review 
Blunt, M. J., Bijeljic, B., Dong, H., Gharbi, O., Iglauer, S., Mostaghimi, P., Paluszny, A. and Pentland, C.: “Pore-scale Imaging and 
Modelling”, Advances in Water Resources (2012). 
Haggerty, R. and Gorelick, S. M.: “Multiple-rate Mass Transfer for Modelling Diffusion and Surface Reactions in Media with Pore-scale 
Heterogeneity, Water Resources Research (1995), 31, 2383. 
Levy, M. and Berkowitz, B.: “Measurement and Analysis of non-Fickian Dispersion in Heterogeneous Porous Media”, Journal of 
Contaminant Hydrology (2003), 64, 203. 
Montroll, E. W. and Scher, H.: “Random Walks on Lattices. IV. Continuous Time Random Walks and Influence of Absorbing Boundaries”, 
Journal of Statistical Physics (1973), 9, 101. 
Rhodes, M. E., Bijeljic, B. and Blunt, M. J.: “Pore-to-field Simulation of Single-phase Transport Using Continuous Time Random Walks”, 
Advances in Water Resources (2008), 31, 1527. 
Sahimi, M.: Flow and Transport in Porous Media and Fractured Rock: From Classical Methods to Modern Approaches, Wiley-VCH, 
Hoboken, NJ (1995). 
Scheidegger, A. E.: “An Evaluation of the Accuracy of the Diffusivity Equation for Describing Miscible Displacement in Porous Media”, 
Proceedings of the Theory of Fluid Flow in Porous Media Conference (1959), 2, 101. 
Scheven, U. M., Verganelakis, D., Harris, R., Johns, M. L. and Gladden, L. F.: “Quantitative Nuclear Magnetic Resonance Measurements of 
Preasymptotic Dispersion in Flow Through Porous Media”, Physics of Fluid (2005), 17, 117107. 
 
Upscaling of non-Fickian transport using pore-scale propagators  I 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDICES 
  
Upscaling of non-Fickian transport using pore-scale propagators  II 
Appendix A – Milestone and Literature Review 
 
MILESTONES IN UPSCALING OF NON-FICKIAN TRANSPORT 
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Journal 
Paper 
n 
Year Title Authors Contribution 
Proceedings of 
the Royal  
Society London  
A 
219 1953 
“Dispersion of soluble matter in 
solvent flowing slowly through a 
tube” 
G. I. Taylor 
1. First to study solute transport in capillary 
tubes 
2. First to derive a formulae for dispersion 
coefficient 
Proc. R. Soc. 
Lon. A 
235 1956 
“On the dispersion of a solute in a 
fluid flowing through a tube” 
R. Aris 
First to show a distribution of solute tends to 
become normally distributed 
Proceedings  
of Theory  
of Fluid Flow  
in Porous 
Media 
Conference 
 1959 
“An evaluation of the accuracy of 
the diffusivity equation for 
describing miscible displacement 
in porous media” 
A. E. Scheidegger 
First to observe systematic deviations in 
fitting the diffusivity equation with 
breakthrough curves, implying an unknown, 
additional effect 
Physical 
Review B 
7 1973 
“Stochastic transport in a 
disordered solid. I. Theory” 
H. Scher and M. Lax 
First to describe transport in semi-conductors 
as a continuous time random walk (CTRW) 
Journal of 
Statistical 
Physics 
9 1973 
“Random walks on lattices. IV. 
Continuous time random walks 
and influence of absorbing 
boundaries” 
E. W. Montroll and H. 
Scher 
First to introduce the concept of anomalous 
transport 
Water 
Resources 
Research 
23 1987 
“Laboratory evidence of the scale 
effect in dispersion of solutes in 
porous media” 
S. E. Silliman and E. 
S. Simpson 
First to demonstrate in laboratory 
experiments, scale dependency of 
dispersivity coefficient 
Water Resou. 
Res. 
28 1992 
“Field study of dispersion in a 
heterogeneous aquifer” 
E. E. Adams and L. 
W. Gelhar 
First to thoroughly describe the observation 
of non-Gaussian transport behaviour in a 
heterogeneous porous media at the field 
scale 
Water Resou. 
Res. 
31 1995 
“Multi-rate mass transfer for 
modelling diffusion and surface 
reactions in media with pore-
scale heterogeneity” 
R. Haggerty and S. M. 
Gorelick 
First to model anomalous transport using 
multi-rate mass transfer (MRMT) 
Water Resou. 
Res. 
31 1995 
“On characterization of 
anomalous dispersion in porous 
and fractured media” 
B. Berkowitz and H. 
Scher 
First to develop a CTRW approach in 
geological media 
Review of  
Geophysics  
44 2006 
“Modelling non-Fickian transport 
in geological formations as a 
continuous time random walk” 
B. Berkowitz, A. 
Cortis, M. Dentz 
and H. Scher 
1. Thorough review development of the 
CTRW framework and its approach to 
solute transport in geological media 
2. First to compare CTRW and other 
methods, namely ADE, MRMT and FDE 
Physics of 
Fluids 
17 2005 
“Quantitative nuclear magnetic 
resonance measurements of 
preasymptotic dispersion in flow 
through porous media” 
U. M. Scheven, D. 
Verganelakis,  
R. Harris, M. L. Johns  
and L. F. Gladden 
First to establish preasymptotic displacement 
distribution shapes for bead pack, sandstone 
and carbonate rocks through NMR 
measurements 
Advances  
in Water  
Resources 
31 2008 
“Pore-to-field simulation of 
single-phase transport using 
continuous time random walks” 
M. E. Rhodes, B. 
Bijeljic 
and M. J. Blunt 
First to demonstrate that large-scale 
behaviour is affected by small-scale transport 
through a pore-to-field transport simulation 
using CTRW 
Physical 
Review 
Letters 
107 2011 
“Signature of Non-Fickian solute 
transport in complex 
heterogeneous porous media” 
B. Bijeljic, P. 
Mostaghimi  
and M. J. Blunt 
First modelling study to demonstrate 
different generic transport behaviour for 
bead pack,  
sandstone and carbonate rocks  
and compare it to the preasymptotic 
displacement distribution with NMR 
measurements  
for carbonate rock 
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Proceedings of the Royal Society London A 219 (1953) 
 
Dispersion of soluble matter in solvent flowing slowly through a tube 
 
Authors: G. I. Taylor 
 
Contribution to understanding anomalous transport in a porous medium:  
No contribution to anomalous transport understanding but it was the first study on dispersion during solute transport in a 
capillary tube. 
 
Objective of the paper: 
To study the concentration profile of a soluble substance moving with a fluid in a small-bore tube, theoretically, then compare 
it with experimental results.  
 
Methodology used: 
Injection of potassium permanganate in slightly acidulated water flowing slowly through a horizontal glass tube and 
measurement done with a comparison tube. 
 
Conclusion reached: 
- The distribution of concentration is symmetrically centred on a point moving at the mean flow velocity u.  
- The dispersion coefficient is equal to a2u2/48D. D is the molecular diffusion coefficient and a is the radius of the tube. 
 
Comments: 
- These results are valid only under some conditions: 4L/A>>ua/D>>6.9. L is the length over which appreciable 
changes in concentration occur, A is the tube section. 
- This applies only in the case of a homogeneous medium or in a porous medium at asymptotic regime. In the case of 
non-Fickian transport, the dispersion coefficient is not constant. 
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Proceedings of the Royal Society London A 235 (1956) 
 
On the dispersion of a solute in a fluid flowing through a tube 
 
Authors: R. Aris 
 
Contribution to understanding anomalous transport in a porous medium:  
No contribution to anomalous transport but more complementary results to Taylor (1953) paper on dispersion study in a 
capillary tube.  
 
Objective of the paper: 
To study the distribution of concentration during solute transport in a tube without restrictions found in Taylor (1953). 
 
Methodology used: 
Study based on the moments of the distribution of solute in the direction of the flow to derive the macroscopic coefficients 
describing the transport. 
 
Conclusion reached: 
- The growth of the variance of the dispersion of the solute is proportional to the sum of the molecular diffusion 
coefficient and to the dispersion coefficient. 
- A finite distribution of solute tends to become normally distributed. 
 
Comments: 
As in Taylor (1953), these results apply only in the case of a homogeneous medium or in the asymptotic regime in a porous 
medium. 
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Physical Review B 7 (1973) 
 
Stochastic transport in a disordered solid. I. Theory 
 
Authors: H. Scher and M. Lax 
 
Contribution to understanding anomalous transport in a porous medium:  
The theory developed in this paper is one of the few that have been applied to model anomalous transport in porous media, in 
particular in our project. 
 
Objective of the paper: 
To develop a general theory of stochastic transport in semi-conductors. 
 
Methodology used: 
The theory developed here is based on generalization of a previous method: Montroll-Weiss continuous time random walks 
(CTRW) on lattice. 
 
Conclusion reached: 
- The author provides a new approach to study a stochastic process containing the essential elements of hopping 
transport. 
- Comparing classical random walk with this method in the case of large number of hopping sites shows small 
difference. 
 
Comments: 
This method is not applied to solute transport in this paper but provides the framework that will be used for studying 
anomalous transport in a porous medium with CTRW. 
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Water Resources Research 23 (1987) 
 
Laboratory evidence of the scale effect in dispersion of solutes in porous media 
 
Authors: S. E. Silliman and E. S. Simpson 
 
Contribution to understanding anomalous transport in a porous medium:  
This is one of the papers showing experimentally that dispersion in a heterogeneous medium is not constant. 
 
Objective of the paper: 
To demonstrate the effect of scale on the distribution of concentration of a tracer moving in a heterogeneous medium at 
laboratory conditions.  
 
Methodology used: 
The porous media were modelled with a large sandbox filled with fine to coarse grains. The tracer used to measure dispersion 
was sodium chloride. 
 
Conclusion reached: 
- The scale effect could be simulated in laboratory conditions with different types of heterogeneous media, showing that 
the media behaves homogeneously when the scale of transport becomes large compared to the heterogeneity’s one. 
- The scale effect is also dependent on the structure and scale of the heterogeneity. 
- Laboratory experiments are useful in the study of solute transport in porous media. 
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Water Resources Research 28 (1992) 
 
Field study of dispersion in a heterogeneous aquifer 
 
Authors: E. E. Adams and L. W. Gelhar 
 
Contribution to understanding anomalous transport in a porous medium:  
This paper thoroughly describes the observation of non-Gaussian transport behaviour in a heterogeneous porous media at the 
field scale. 
 
Objective of the paper: 
To analyse and interpret a tracer injection at field scale, to derive the macrodispersivity influenced by the large-scale flow 
nonuniformity at this site, and to test the validity of developed stochastic theories. 
 
Methodology used: 
The analyse is performed by graphically represent concentration profile as they are measured through time. The spatial 
moments are then analysed and interpreted with two transport models: 1) pure advection from a continuous source, 2) 
advection and dispersion in a nonuniform flow field. 
 
Conclusion reached: 
The analysis exhibits a dramatically non-Gaussian behaviour and a systematic mass loss. 
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Review of Geophysics 44 (2006) 
 
Modelling non-Fickian transport in geological formations as a continuous time random walk 
 
Authors: B. Berkowitz, A. Cortis, M. Dentz and H. Scher 
 
Contribution to understanding anomalous transport in a porous medium:  
Thoroughly reviewed development of the CTRW framework and its approach to solute transport in geological media, and 
compared this method with other available ones: ADE, MRMT and FDE. 
 
Objective of the paper: 
- To introduce and develop the CTRW framework through its mathematical expression and from the field and 
laboratory experiments. 
- To analyse the other method used to model non-Fickian transport in porous media, compare them to CTRW and 
establish their connection. 
 
Methodology used: 
Paper based on previous theoretical and experimental work done in this field. 
 
Conclusion reached: 
- Non-Fickian transport in geological formations, due to general heterogeneity of the geological formations, should be 
considered as the base case, Fickian transport being a particular case. 
- The CTRW framework is a powerful and effective mean to quantify transport in a wide range of porous and fractured 
media, enabling calculation of distribution of concentration both for the preasymptotic and for the asymptotic case. 
- The other methods appear to be subsets of the CTRW framework. 
 
Comments: 
To date, this paper represent the most complete review of the different approaches to model anomalous transport in porous and 
fractured media, particularly in the CTRW framework. 
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Physics of Fluids 17 (2005) 
 
Quantitative nuclear magnetic resonance measurements of preasymptotic dispersion in flow through porous media 
 
Authors: U. M. Scheven, D. Verganelakis, R. Harris, M. L. Johns and L. F. Gladden 
 
Contribution to understanding anomalous transport in a porous medium:  
This paper established the preasymptotic displacement distribution shapes for bead pack, sandstone and carbonate rocks 
through NMR measurements. 
 
Objective of the paper: 
To measure molecular displacement distributions and their moments in a preasymptotic Stokes flow in bead pack, Bentheimer 
sandstone and Portland carbonate rocks with NMR and determine systematic errors arising from these measurements. 
 
Methodology used: 
Water flowed through cylindrical samples (cores for sandstone and carbonate rocks) at a control flow rate, and the molecular 
displacement is measured with Pulsed Field Gradient NMR. 
 
Conclusion reached: 
- This paper exhibits measurements for the cases studied, also showing that the dispersive length scale increases with 
increasing heterogeneity of the pore space. 
- Two potential sources of systematic errors were addressed: 1) from the cumulant analysis of non-Gaussian 
distributions which are characterized by nonvanishing cumulants of order 3 and higher, 2) from surface relaxation and 
flow displacements through internally varying offset fields produced by susceptibility mismatch of fluid and matrix. 
 
Comments: 
This experiment measured the displacement of molecules of water and not of a solute in a solvent, but the probability of 
displacement curve shape must be the same. 
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Water Resources Research 31 (1995) 
 
On characterization of anomalous dispersion in porous and fractured media 
 
Authors: B. Berkowitz and H. Scher 
 
Contribution to understanding anomalous transport in a porous medium:  
This was the first time the anomalous transport was described using the CTRW formalism to remedy the ADE inadequacy. 
 
Objective of the paper: 
To show the inadequacy of using a time-dependent dispersion coefficient in the conventional ADE. 
 
Methodology used: 
The inadequacy of D(t) was proved by discussing the nature of anomalous dispersion and by providing physical insight into 
this problem in hydrogeology via analysis of a class of kinetic approaches.  
 
Conclusion reached: 
- A time-dependent dispersion coefficient D(t) used in a conventional ADE is inadequate to model an anomalous 
transport in a porous medium 
- CTRW seems to be a promising approach. 
 
Comments: 
The CTRW approach was previously used in the context of dispersion in disordered solids. 
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Physical Review Letter 107 (2011) 
 
Signature of non-Fickian solute transport in complex heterogeneous porous media 
 
Authors: B. Bijeljic, P. Mostaghimi and M. J. Blunt 
 
Contribution to understanding anomalous transport in a porous medium:  
This paper shows the transport behaviour in three geological media of increasing complexity, resulting from a direct 
streamline-based simulation method, in particular for the complex heterogeneous case of carbonate rocks. 
  
Objective of the paper: 
To derive concentration profiles for bead pack, sandstone and carbonate rocks, by simulation with CTRW at different Pe 
values, and compare them with experimental NMR measurements. 
 
Methodology used: 
Pore-space imaged is obtained with micro-CT scanning, the flow is assumed viscous, incompressible and steady, a uniform 
pressure drop is imposed on a cubic domain and a streamline-based algorithm was applied. 
The solute particles are moved along the streamlines by advection and the molecular diffusion is modelled by a random-walk 
method. 
 
Conclusion reached: 
Transport in carbonates has a rich non-Fickian behaviour, generically different from sandstones, with a very slow moving peak 
concentration, a highly dispersed tail, an extremely gradual approach to an asymptotic regime, and a nonlinear scaling of 
dispersion coefficient with Pe, consistent with a CTRW analysis of the grid-block travel times. 
 
Comments: 
For the first time, anomalous transport is successfully simulated in carbonate rocks as the modelled transport behaviour is 
validated by comparison with NMR measurements. 
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Pore-to-field simulation of single-phase transport using continuous time random walks 
 
Authors: M. E. Rhodes, B. Bijeljic and M. J. Blunt 
 
Contribution to understanding anomalous transport in a porous medium:  
This paper demonstrated that the large-scale behaviour is affected by small-scale transport through a pore-to-field transport 
simulation using CTRW. 
 
Objective of the paper: 
To provide a field-scale simulation of solute transport bypassing a macroscopic transport equations and taking into account 
uncertainties arising from reservoir description. 
 
Methodology used: 
The reservoir is represented as a lattice of nodes connected by links. 
The transport is described at four scales: pore, core, grid-block and field. It is simulated as a CTRW. The transport occurs as a 
series of particle hops between nodes with a probability Ψ(t)dt that a particle will first arrive at a node from a nearest neighbour 
in a time t to t + dt. 
At each scale, the system is represented as a lattice of nodes with an appropriate transition time probability Ψ derived from a 
simulation at the next smaller scale. 
 
Conclusion reached: 
- For advective-dominated transport, the transit time distribution at the core scale is exponential in time, with a time-
scale related to the time for a particle to advect across the block with a typical velocity. 
- At the grid-block scale, transport remains advection-dominated. 
- At the field scale, with finely-resolved highly heterogeneous reservoir model, the overall transport behaviour is 
anomalous with power law scaling of the breakthrough curves.  
- The macroscopic behaviour is affected by the small-scale transport even when a very heterogeneous field-scale 
reservoir description is used. 
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Appendix B – Pore-scale Propagators 
 
As mentioned in this study, the upscaling process is depending on simulation results at pore-scale. The pore-scale propagators 
are about to be published (Bijeljic et al., 2012). This section displays the pore-scale propagators, also referred as probability 
density function in the plots (pdf), used in this study, as well as the derived cumulative distribution functions (cdf) used to find 
particle displacements. They are presented in the order they appear in the paper. 
 
Validation of the model in the homogeneous case 
For this case, only one pore-scale propagator is needed as the velocity in the macroscopic homogeneous structure is uniform, 
thus there is only one value of Pe. 
The pore-scale propagator is given by a normal distribution of mean 1 and of standard deviation of  . The different parameters 
used to derive this distribution are as follows: 
 
Parameter Value 
Characteristic length L [m] 10
-4
 
Molecular diffusion coefficient Dm [m2/s] 2.2x10
-9
 
Fluid velocity v  [m/s] 1.1x10
-3
 
Péclet number Pe 50 
∆t [s] 1 
Standard deviation σ  6.03*10
-2
 
 
Figure B-1 represents the Gaussian pdf and cdf:  
 
 
Figure B-1. Pore-scale propagators for a “perfectly homogeneous” 
structure at microscopic and macroscopic scales. 
 
Impact of injection method 
This section compared the two methods of injecting the particles: cross-sectional area injection and volume injection. The 
simulations are run with pore-scale propagators for Mt Gambier limestone at ∆t = 1s. For the four values of Pe available (10, 
50, 200, 700), the pore-scale propagators for cross-sectional area injection are plotted in Figure B-2 and their cdf in Figure B-3, 
and the ones for volume injection are plotted in Figure B-4 and their cdf in Figure B-5. For Mt Gambier, the characteristic 
length is set to 72.25x10
-6
m. 
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Figure B-2 (Top) and Figure B-3 (Bottom). Pore-scale 
propagators and cdf for Mt Gambier, with cross-sectional area 
injection and ∆t = 1s. 
Figure B-4 (Top) and Figure B-5 (Bottom). Pore-scale 
propagators and cdf for Mt Gambier, with volume injection and 
∆t = 1s. 
 
Impact of pore-scale propagator time 
This section compares the effect of different times of pore-scale propagators: ∆t = 1s and 10s. The case of Mt Gambier is used 
here with volume injection. The pore-scale simulation results for ∆t = 10s are already shown in Figure B-4 and B-5. Figure B-6 
and B-7 show the results of pore-scale simulations for ∆t = 10s. 
 
  
Figure B-6. Pore-scale propagators for Mt Gambier, with volume 
injection and  ∆t = 10s. 
Figure B-7. Cdf for Mt Gambier, with volume injection and 
∆t=10s. 
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Impact of the heterogeneity of the structure 
Macroscopic heterogeneity. In this case, pore-scale propagators are derived analytically from a normal distribution with mean 
1 and with standard deviations described in Table 2. The pdf and cdf are exposed in Figures B-8 and B-9. 
 
  
Figure B-8. Pore-scale propagators for a “perfectly 
homogeneous” structure at microscopic scale. 
Figure B-9. Cdf for a “perfectly homogeneous” structure at 
microscopic scale. 
 
Microscopic heterogeneity. In this case, the last pore-scale propagators used are for cross-sectional area injection, at ∆t = 10s, 
both for Mt Gambier and for Estaillades. The characteristic length for Estaillades carbonate is set to 158.2x10
-6
. Figures B-10 
and B-11 display the results for Mt Gambier and Figures B-12 and B-13, for Estaillades. 
 
  
  
Figure B-10 (Top) and Figure B-11 (Bottom). Pore-scale 
propagators and cdf for Mt Gambier, with cross-sectional area 
injection and ∆t = 10s. 
Figure B-12 (Top) and Figure B-13 (Bottom). Pore-scale 
propagators and cdf for Estaillades, with cross-sectional area 
injection and ∆t = 10s.  
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